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bS Supporting Information
ABSTRACT: The contribution of variable grain sizes to uranium adsorption/
desorption was studied using a sediment from the US DOE Hanford site.
The sediment was wet sieved into four size fractions: coarse sand (12 mm),
medium sand (0.21 mm), ﬁne sand (0.0530.2 mm), and clay/silt fraction
(<0.053 mm). For each size fraction and their composite (sediment), batch and
ﬂow-cell experiments were performed to determine uranium adsorption isotherms
and kinetic uranium adsorption and subsequent desorption. The results showed
that uranium adsorption isotherms and adsorption/desorption kinetics were size
speciﬁc, reﬂecting the eﬀects of size-speciﬁc adsorption site concentration and
kinetic rate constants. The larger-size fraction had a larger mass percentage in the
sediment but with a smaller adsorption site concentration and generally a slower
uranium adsorption/desorption rate. The same equilibrium surface complexation
reaction and reaction constant could describe uranium adsorption isotherms for all
size fractions and the composite after accounting for the eﬀect of adsorption site concentration. Mass-weighted, linear additivity was
observed for both uranium adsorption isotherms and adsorption/desorption kinetics in the composite. One important implication
of this study is that grain-size distribution may be used to estimate uranium adsorption site and adsorption/desorption kinetic rates
in heterogeneous sediments from a common location.

’ INTRODUCTION
Grain size is an important sediment property that aﬀects solute
and contaminant sorption and desorption.1 A sediment typically
consists of various sizes of grains ranging from clay to sand,
gravel, or pebble. Uranium, however, primarily resides in grains
of less than 2 mm size.24 Extensive research has consequently
been performed to investigate uranium adsorption/desorption
reactions and kinetics in the <2 mm size fraction in sediments.412
The reactions and kinetics determined from the <2 mm size
fraction are then used to predict uranium adsorption/desorption
behavior in ﬁeld-textured sediments by assuming that the
adsorption reactions, reaction constants, and kinetic parameters
in the reactive (<2 mm) and nonreactive (>2 mm) size fractions
can be linearly added up.3,11,1315 The linear additivity assumption with respect to size fractions, however, has not been rigorously evaluated.
Uranyl [U(VI)] adsorption/desorption reactions are typically
described using surface complexation (SC) reactions either by
considering additive contributions from individual minerals or by
selecting a few “generic” reactions that best match experimental
results.2,1619 The later approach is considered as an upscaled
model for sediments containing complex mixtures of minerals.20
Recent studies found that U(VI) adsorption/desorption reactions are kinetic processes that are apparently rate limited by
intragranular diﬀusive mass transfer.9,12,21 The grain-scale diﬀusion controls reactant supply and product removal for SC
reactions in intragrain pore domains. One important parameter
r 2011 American Chemical Society

that aﬀects the grain-scale diﬀusion is the grain size, which not
only aﬀects the apparent length of diﬀusion paths but also aﬀects
pore volume, connectivity, and their distribution in intragrain
domains that fundamentally aﬀect diﬀusion rate.22
In this study, we investigated the contribution of various grain
sizes to U(VI) adsorption/desorption and kinetic behavior in a
sediment. Batch and stirred ﬂow-cell experiments were conducted to derive equilibrium and kinetic data, and numerical
modeling was performed to interpret the experimental results
and to derive reaction and kinetic parameters in individual size
fractions. The experimental data and size-speciﬁc reactions and
kinetic parameters were then used to determine the contribution
of diﬀerent grain sizes to the overall adsorption/desorption and
kinetics in the sediment and to evaluate additivity concept with
respect to grain size by comparing calculated and measured
U(VI) adsorption and kinetics in the composite.

’ MATERIALS AND METHODS
Sediment Preparation. The sediment used in this study was
collected from the Integrated Field Research Challenge (IFRC)
site in the US Department of Energy (DOE) Hanford 300 Area.
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Table 1. Synthetic Groundwater (SGW) Chemical Composition (mmol/L)
Ca

Mg

Na

K

Cl

NO3

SO4

CO2(tot)

pH

1.00

0.51

1.44

0.16

1.30

0.47

0.64

1.57

7.9

Contaminant uranium (96 μg/kg) in the sediment was partially
removed by desorption in a column system using a synthetic
IFRC groundwater (SGW) with its chemical composition provided in Table 1. The treated sediment was wet sieved into four
size fractions: coarse sand (12 mm), medium sand (0.21
mm), fine sand (0.0530.2 mm), and clay/silt (<0.053 mm).
The four size fractions and their composite (i.e., <2 mm fraction
in the sediment) were further treated to remove residual U by
suspending them in the SGW solution (100 g/L) for 1 week
(12, 0.21, and 0.0530.2 mm and the composite) or 2 weeks
(<0.053 mm). The U-removed samples were collected by
centrifugation and used in experiments.
Sediment Characterization. The surface areas of each size
fraction and their composite were measured by the BrunauerEmmettTeller (BET) method (Quantachrome Autosorb Automated Gas Sorption Systems). Micropore size
distributions and pore volume were calculated by the BJH
method23,24 from N2 adsorption and desorption isotherms.25
The mineralogical composition in each grain-size fraction was
determined by X-ray diffraction and the Powder Diffraction File
database (ICDD PDF-2, 2010) for reference diffraction data
from the International Center for Diffraction Data.
U Sorption Isotherms. For each size fraction and their
composite, batch experiments were performed to determine U(VI)
partitioning between aqueous and solid phases in the SGW solution
(Table 1) as a function of aqueous U(VI) concentration. The
solid/SGW solution suspensions (100 g/L) were spiked with
U(VI) as UO2(NO3)2 with a final U(VI) concentration from 10
to 2000 μg/L, equilibrated for 1 week on a reciprocal shaker, and
then centrifuged for 30 min (3600 RFC) for phase separation.
Independent experiments found that uranyl adsorption reached
steady state after 1 week of equilibration. The supernatants in the
centrifuged suspensions were collected by filtration (0.20 um) for
chemical analysis after discarding the first a few droplets of the
filtrates. Uranyl concentration in the filtrates was analyzed using a
kinetic phosphorescence analyzer (KPA, Chemchek Instruments,
Richland, WA). Cations Ca, K, Mg, Si, and Na were measured using
an inductively coupled plasma-optical emission spectrometer (ICPOES, Perkin-Elmer, Optima 2100DV), and total dissolved inorganic carbon was determined using a carbon analyzer (Dohrman
carbon analyzer, DC-80). The adsorbed U was calculated from the
difference between total added U(VI) and measured final aqueous
U(VI) concentration in the suspension.
Kinetic Experiments. Grain-scale kinetics of U(VI) adsorption/desorption was determined in a stirred flow-cell reactor
(2.2 cm ID, 3 cm length, and 11 mL total volume). The reactor
was equipped with an influent port at the bottom and effluent
port on the top. The SGW was injected into the reactor by a
peristaltic pump (Cole-Parmer, IL), and effluent was collected
using an automatic fraction collector (Teledyne, NE). Both ports
were equipped with a porous frit with a pore size of 10 μm to
generate a uniform flow, and the effluent port was equipped with
a 0.2 μm pore size membrane to contain solids. The stirred-flow
experiments were performed at a constant flow rate of 0.16 mL/
min with a solid/solution ratio of 260 g/L.

U(VI)-containing solution was prepared by spiking the SGW
with UO2(NO3)2 with a ﬁnal concentration of 60 ug/L U(VI).
To evaluate the physical mixing in the reactor, the U(VI)containing SGW was also spiked with NaBr with a ﬁnal concentration of 5 mg/L Br. The U(VI)-free SGW solution was ﬁrst
introduced into the ﬂow-cell reactor for at least 2.5 h to
chemically equilibrate the solids with the SGW solution before
injecting the U(VI)-containing solution. The solids in the ﬂowcell reactor were mixed with the SGW solution using a magnetic
stir bar. The inﬂuent ﬂow was periodically interrupted (i.e., ﬂowstop-ﬂow mode) to probe the kinetic response of U(VI) adsorption/desorption to the residence time of mixing ﬂuids. The
eﬄuents were collected every 10 min by a fraction collector for
U(VI) and other chemical analyses as described previously.
Modeling. The following SC reaction, which was determined
under variable chemical conditions for the IFRC sediments,26
was used to describe U(VI) adsorption/desorption reaction
> SOH + UO2 2+ + 2CO3 2 ¼ >SOUO2 ðCO3 HCO3 Þ2 ð1Þ
where >SOH denotes the surface site and >SOUO2(CO3HCO3)2 is the sorbed U(VI) species. The reaction equilibrium
constant for each size fraction was estimated from the isotherms
as described in the following section.
The kinetics of U(VI) adsorption/desorption was described
using a multirate SC model that was previously developed to
represent diﬀusion-limited U(VI) SC reactions9
Mj ∂q
∂Ci ð1  θÞFs Ns
j
+
¼ LðCi Þ, i ¼ 1, 2, :::, Nc ð2Þ
aij
∂t
θ
∂t
j¼1
k¼1

∑ ∑

∂qkj
∂t

k

¼ Rkj ðQjk  qkj Þ, j ¼ 1, 2, :::, Ns ; k ¼ 1, 2, :::, M

ð3Þ

where Ci is the total aqueous concentration of chemical component i (mol/L), θ is the porosity, Fs is the solid density (kg/L), aij
is the stoichiometric coeﬃcient of chemical component i in
adsorbed species j, Nc is the number of chemical components, qkj
is the concentration of adsorbed species j at adsorption site k
(mol/kg), Rkj is the rate constant of adsorbed species j at
adsorption site k (min1), Qkj is the concentration of adsorbed
species j at adsorption site k (mol/kg) in equilibrium with bulk
solution chemistry, Ns is the number of adsorbed species, and M
is the number of adsorption sites. L(Ci) is the transport term,
which has the following form for the stirred ﬂow-cell reactor
LðCi Þ ¼ FðCin
i  Ci Þ=V

ð4Þ

where F is the ﬂow rate (mL/min), V is the aqueous volume of
the ﬂow-cell reactor (mL), and Cin
i is the total concentration of
chemical component i in the inﬂuent solution. The equilibriumadsorbed concentration Qkj in eq 3 is calculated from the mass
action equation of the adsorption reaction (eq 1). The rate
constant Rkj in eq 3 was assumed to follow the log-normal
probability distribution p(R) to minimize the number of parameters in the model


1
1
pðRÞ ¼ pﬃﬃﬃﬃﬃﬃ exp  2 ðlnðRÞ  μÞ2
ð5Þ
2σ
2πRσ
where μ and σ are the two parameters that deﬁne the probability
distribution.
6026
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Table 2. Sediment Properties
size fraction (mm)

mass fraction (%)

<0.053

0.053 < size < 0.2

0.2 < size < 1

1 < size < 2

8.70 ( 1.37

6.50 ( 0.57

48.14 ( 0.79

36.67 ( 1.15

surface area (m2/g)

13.53

pore volume (mm3/g)

51.48

7.28
19.3

composite (<2 mm)

composite (<2 mm) predicted

NA

NA

7.96

8.14

10.80

8.5

13.18

11.07

17.00

16.13

Ten chemical components were considered in the modeling
including UO2, Ca, Mg, Na, K, CO2(tot), H, NO3, SO4, and
<SOH. A total of 46 aqueous and surface species that were
uniquely deﬁned by the linear combination of the 10 chemical
components were used in the model. These chemical components and species aﬀected the ionic activities involved in the
uranyl surface complexation reaction. The aqueous speciation
reactions used in this study were described elsewhere,9 and the
surface complexation reaction was described by eq 1.

’ RESULTS AND DISCUSSION
Sediment Properties. The sediment consisted of 52% gravel
and cobble (>2 mm) and 48% of the <2 mm size fraction. Only
the <2 mm size solids were used in this study because of the
exclusive U(VI) association with this size fraction.3,27 The <2
mm size fraction consisted of 37%, 48%, 6.5%, and 8.7% of coarse
sand, medium sand, fine sand, and silt/clay, respectively
(Table 2). The minerals detected by the X-ray diffraction analysis
were the same for all size fractions: quartz, feldspar (albite and
anorthite), corundum, and pyroxene. Clinochore, muscovite,
smectite, and vermiculite were identified in the silt/clay fraction
after clay minerals were isolated through sedimentation. The clay
minerals were, however, minor components and below detection
when they were in the silt/clay size fraction.
The silt/clay size fraction had the largest BET surface area, as
expected, after normalizing to its solid mass (Table 2). The
surface area in the other three size fractions was only slightly
diﬀerent. The similar surface area in the coarse grain sizes in the
Hanford sediments was observed previously.28 The surface area
in the composite calculated from the mass-weighted, linear
addition of the surface areas in individual size fractions was less
than but close to the measured value. These surface area values
for individual size fractions and composite were within the range
as previously determined for the <2 mm size fraction in Hanford
300A sediments.5 Micropore volume, as calculated from the BJH
method based on N2 adsorption results (data not shown),
decreased with increasing grain size with a much higher micropore volume in the clay/silt fraction (Table 2). The additively
calculated micropore volume in the composite was close to the
measured value.
U(VI) Adsorption Isotherms. U(VI) adsorption increased
with decreasing grain size in equilibrium with aqueous U(VI)
after normalizing to the solid mass in each size fraction
(Figure 1A). There was a notable increase in U(VI) adsorption
strength in the clay/silt fraction, consistent with its larger surface
area and micropore volume (Table 2). All measured chemicals
(pH, cations, and carbonate) in the suspensions had negligible
changes before and after equilibration, thus excluding the influence of aqueous uranyl speciation changes on U(VI) adsorption
in different size fractions. The slopes of all the isotherms
gradually decreased with increasing aqueous U(VI) concentration, indicating that site saturation started to exert its effect on the

isotherms despite the fact that only a small amount (<30 nmol/g)
of U(VI) was adsorbed.
The isotherm for each size fraction was described using the
same surface complexation reaction (eq 1) by adjusting two
parameters: adsorption site concentration and equilibrium reaction constant. Preliminary model ﬁts revealed that the ﬁtted
equilibrium reaction constants (log K, adjusted to zero ionic
strength) for all size fractions had an average value of 24.72 with a
standard deviation of 0.20. Consequently, in the ﬁnal ﬁt to each
isotherm, the equilibrium constant was ﬁxed (i.e., log K = 24.72),
and only adsorption site concentration was adjusted. The eﬀect
of chemical composition on ionic activities in the SC reaction
(eq 1) was considered through the aqueous speciation reactions.
The SC model with the same surface complexation reaction and
reaction constant well described the isotherms for all size
fractions (Figure 1A) after considering size-speciﬁc sorption site
concentration (Table 3). The estimated site concentration
decreased with increasing grain size, consistent with a common
concept that smaller size particles have a higher site concentration.29 However, the estimated values of the site density after
normalizing to surface area (5.101.72 nmol/m2) were 3 orders
of magnitude less than a generic surface site density of 3.84
μmol/m2,30 which has often been used in calculating uranyl
surface complexation reactions in sediments.5,9 A much lower
adsorption site density was needed here to describe the decreasing slope of the isotherms with increasing aqueous concentration.
While the exact mechanism for this phenomenon was unclear,
the result implied that there were two pools of uranyl adsorption
sites in each grain-size fraction: strong and weak sorption sites.
Only the strong site with a low sorption site density was revealed
under our experimental condition. This was supported by the
estimated log K value (24.72), which was 3 orders of magnitude
higher than a log K value (21.64) estimated based on the generic
site density in similar sediments collected from the Hanford
IFRC site.26 Other research has showed that two pools of
adsorption sites were needed to describe uranyl adsorption on
mineral surfaces and that adsorption was dominated by the
strong site when uranyl loading was low.16,31,32 The calculated
Kd value for the various size fractions, which integrates the eﬀect
of site concentration and equilibrium constant, ranged from 2.4
to 12.7 mL/g when aqueous U(VI) was below 0.25 μmol/L
(Table 3). The Kd value decreases with increasing aqueous
U(VI) as indicated by the decreasing slope in adsorbed U(VI)
as a function of aqueous U(VI) (Figure 1). These Kd values were
consistent with those reported for other sediments from the
300A site when a generic site density was used.26
The estimated site concentration and calculated Kd values
(Table 3) were generally correlated with size-speciﬁc surface
area, but a better correlation was observed with micropore
volume (Figure 2). Increasing micropore volume linearly increased th adsorption site concentration and Kd value, suggesting
6027
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Figure 1. Measured (symbols) and calculated (lines) U(VI) adsorption isotherms in diﬀerent size fractions (A) and their composite (B). Lines in plot A
were ﬁtted, and the solid line in plot B was calculated from the mass-weighted, linear addition of equilibrium U(VI) adsorption to four grain-size
fractions, and the error bar denotes one standard deviation.

Table 3. Parameters Used in Modeling U(VI) Adsorption/Desorption
size fraction (mm)
<0.053

0.2 < size < 1

1 < size < 2

site concentration (nmol/g)

69.0

29.5

19.0

14.0

equilibrium sorption constant (log K)

24.72

24.72

24.72

24.72

distribution coeﬃcient (Kd, mL/g)

12.7

5.0

3.2

2.4

logarithm mean of rate constant, μ, ln(min1)

9.9

9.9

10.2

10.8

deviation of log rate constant, σ, ln(min1)

4.6

4.6

2.9

2.1

mean rate constant (min1)a

1.9

1.9

2.5  103

1.9  104

5.0  105

5.0  105

3.7  105

2.0  105

median rate constant (min1)b
a

0.053 < size < 0.2

Mean rate constant = exp(μ + σ /2). Median rate constant = exp(μ).
2

b

Figure 2. Correlation of the estimated site density and U distribution coeﬃcient (Kd) with surface area (A) and micropore volume (B) in grain-size
fractions.

that the micropore regions might be the preferred locations for
uranyl adsorption. Microscopic observations of preferential
uranium distribution inside grains and grain-coating domains
in the Hanford sediments support this speculation.21,27
The calculated isotherms for individual grain-size fractions
were used to evaluate the additivity concept of U(VI) adsorption.
The isotherm from each size fraction was linearly added as a
function of aqueous U(VI), weighted by their mass percentages
in the composite. Numerically, the isotherm for the composite
(Figure 1B) was calculated from the competitive surface complexation reactions in a mixture of four size mass fractions in a
batch system. Here each size fraction had the same equilibrium
constant (log K = 24.72) but with a size-speciﬁc sorption site
concentration (Table 3) corrected by their mass percentages

(Table 2) in the composite. The calculated composite isotherm
was dominated by the contributions from larger size fractions, as
indicated by the similarity between the calculated isotherm for
the composite (Figure 1B) and the isotherms for the large size
fraction, e.g., 0.21 mm (Figure 1A). This was because the large
size fractions were present at much larger mass fractions. The
calculated and measured isotherms matched well for the composite when the aqueous U(VI) concentration was below 2
μmol/L. Above 2.5 μmol/L, however, the calculated U(VI)
adsorption was less than the measured value. The underprediction using the additive model was experimentally repeatable,
suggesting that the smaller size fraction (clay/silt) with a stronger
sorption aﬃnity may have played a larger role than implied by its
mass percentage. Coating of the large size fractions by silt/clay
6028
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Figure 3. Measured (symbols) and calculated (lines) eﬄuent concentrations of U(VI) in individual size fractions from a ﬂow-cell reactor.

Figure 4. Measured (symbols) and calculated (lines) eﬄuent concentrations of Br and U(VI) in the composite. The lines were calculated
from the mass-weighted, linear addition of U(VI) adsorption/desorption kinetics in individual grain-size fractions.

materials in the composite may have created such a scenario.
Nevertheless, contaminated groundwater often contains less
than 2 μmol/L of aqueous U(VI).27,33 Consequently, the linear
additivity concept would be applicable under most ﬁeld conditions.
U(VI) Adsorption and Desorption Kinetics. The kinetic
U(VI) adsorption and desorption behavior was revealed for each

size fraction and their composite by their response to the stopflow (SF) events and through comparison to the tracer Br curves
(Figures 3 and 4, Figure S1 in the Supporting Information). The
16 h SF event during the U(VI) injection phase caused a decrease
in effluent U(VI) concentration when flow was restarted. This
decrease was not observed for tracer Br and reflected the kinetic
behavior of grain-scale U(VI) adsorption. The SF events during
the U(VI) leaching phase (after 600 min) caused rebounding in
effluent U(VI) concentration, which again was not observed for
Br. The kinetic behavior of U(VI) adsorption/desorption was
attributed to diffusion-limited surface complexation reactions
within intragrain pore domains of the sediment. Br was also
expected to have diffused into and out of intragrain regions
during U(VI) adsorption/desorption. However, the ratio of
micropore volume (Table 2) to bulk solution volume (11 mL)
ranged from 0.3% to 1% in different grain-size fractions, indicating a relatively low storage capacity for the tracer Br in the
intragrain domains. The negligible response of effluent Br to the
SF events reflected this low storage capacity. The absence of
intragrain retardation further diminished the effect of the SF
events on Br effluent concentrations (Figure S1 in the Supporting Information). In contrast, a significant amount of U(VI) can
be stored in the micropore domains through surface complexation reactions. The molar ratio of adsorbed U(VI) in intragrain
pore domains to aqueous U(VI) in bulk solution ranged from 0.9
to 2.6 in different size fractions as calculated from U(VI) adsorption isotherms in Figure 1 and solid water ratio in the reactor.
The high intragrain sorption capacity for U(VI) caused the retarded diffusion, which led to a measurable kinetic effect on U(VI)
adsorption and desorption induced by the SF events.
The U(VI) eﬄuent curves showed more skewed proﬁles in the
smaller size fractions (Figure 3). Both sorption strength (site concentration in this case) and kinetic rate could aﬀect the skewness
in the breakthrough curves. A multirate surface complexation
6029
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model (eq 2 and 3) was used to separate the eﬀect of these two
factors by including size-speciﬁc site concentration in the kinetic
model. Two parameters (μ and σ) for the rate constant distribution (eq 5) were estimated for each size fraction by matching
calculated and measured eﬄuent U(VI) concentrations. The
multirate model (eq 2) well described the data in each size
fraction (Figure 3) with ﬁtted rate parameters provided in
Table 3. The same set of the rate constants could describe
adsorption and desorption for each size fraction. This is in
contrast to the previous ﬁnding that the desorption was slower
than the adsorption.12 A likely reason is that the adsorption
duration was short in this case and adsorbed U(VI) was reversible
for desorption. The ﬁtted rate constants indicated that the larger
size fraction exhibited a slower reaction rate, as indicated by the
mean or median rate constant for each site fraction calculated
from μ and σ (Table 3). The larger skewness in the clay/silt
fraction (Figure 3A), however, was mainly caused by the
adsorption site concentration because the rate constant distribution in this size fraction was the same as those in the ﬁne sand
fraction (Table 3).
The multirate model with ﬁtted parameters was used to test
the additivity concept of U(VI) adsorption/desorption kinetics.
Similarly to the adsorption isotherm case, U(VI) was allowed to
competitively adsorb or desorb in the ﬂow-cell reactor containing
a mixture of four size fractions according to their mass percentage
in the composite. The eﬄuent U(VI) concentration was calculated using the combination of the multirate models developed
for each size fraction scaled by their mass percentage. The
calculated U(VI) eﬄuents in the composite generally matched
well with the measured values (Figure 4B). The Br in the
composite (Figure 4A) was calculated by the same approach
but with a zero reaction rate. The good match between calculated
and measured eﬄuents for both Br and U(VI) indicated that the
additivity concept with respect to grain size was applicable. One
cautious note for this conclusion is that the dominant minerals in
our case were the same in all size fractions and solution chemical
composition was the same in all experiments. Further research is
needed to evaluate the additivity concept with respect to grain
size under changing solution chemical composition and for
sediments with variable mineral composition in diﬀerent size
fractions.
Implication. The SC model is a preferred approach to
describe U(VI) adsorption and desorption in sediments because
it allows explicit incorporation of the effects of chemical conditions on adsorption/desorption mass actions. A key factor in
applying this approach is the surface complexation site concentration, which is often a sediment-specific property and changes
with mineral surface areas.30,34 A generic site density normalized
to sediment surface area (3.84 μmol/m2) has been proposed to
calculate U(VI) adsorption site concentration in sediments.30 In
this approach, the surface site concentration for a specific
sediment is calculated from the generic site density multiplied
by the surface area, which is a parameter that is easier to measure.
This study, however, found that sorption site concentration
required to fit the adsorption isotherms was much lower than
that calculated from the generic site density. The lower site
concentration was likely caused by the preferential association of
U(VI) with certain surface areas or sites such as those in the
intragrain pores, whose concentration did not necessarily correlate with total surface area (Table 2). The observed linear
additivity of uranyl adsorption with respect to grain size provided
an alternative approach to estimate sorption site concentration

ARTICLE

based on grain-size distribution. In this proposed approach, the
site concentration (St) for the composite (sediment) can be
calculated using the following equation under condition that the
same surface reaction and reaction constant can describe U(VI)
adsorption/desorption in all size fractions
St ¼

N

∑ wi Si
i¼1

ð6Þ

where Si and wi are the site concentration and mass percentage
for size fraction i in the composite and N is the number of size
fractions. Laboratory measurement/estimation of site concentration in representative size fractions is required for application
of this approach. The field-measured grain-size distribution (wi)
can then be used to estimate the sorption site concentration from
eq 6. The surface complexation reactions in the composite can be
calculated using the additively calculated St without explicit
calculations of surface complexation reactions in each size
fraction. In cases when different surface complexation reactions
have to be used to describe U(VI) adsorption in different size
fractions, eq 6 is no longer applicable and the additive contribution to the composite from different size fractions will have to be
competitively calculated and then added according to their mass
percentage.
The kinetic behavior of U(VI) surface complexation may be
described using a multirate SC model.9 The rate constants in the
multirate SC model, however, vary with sediment type and
properties, even for those collected from the same ﬁeld site.12
The linear additivity property of U(VI) adsorption/desorption
kinetics with respect to grain size as observed herein yields the
following equation to calculate the rate constant of the composite
(sediment)
N

Rkj ðcompositeÞ ¼

∑ wi Rkj ðsize iÞðQjkðsize iÞ  qkjðsize iÞÞ
i¼1
N

∑ wi ðQjkðsize iÞ  qkj ðsize iÞÞ
i¼1
ð7Þ

where Rkj (composite) and Rkj (size i) are the rate constant of
adsorbed species j at sorption site k in the composite and in the
size fraction i, respectively, and Qkj (size i) and qkj (size i) are the
equilibrium and currently adsorbed U(VI) concentration in size
fraction i. Equation 7 indicates that the rate constants in the
composite are a function of the rate constants and adsorbed
concentrations in each size fraction. Consequently, the kinetic
behavior in each size fraction has to be explicitly calculated to
simulate the kinetic behavior of the composite.
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